Ou et al., 1997).
Division of Laboratory Animal

S-nitrosoglutathione reductase (GSNOR), and show
Higher output production of NO/RNS, typically by the that they exhibit substantial increases in whole-cell inducible NOS (iNOS), can disrupt cellular function S-nitrosylation, tissue damage, and mortality following Figure 1F ). They SNO-proteins (Liu et al., 2001 ). Such precise control developed normally and weighed the same as C57BL/6 over ambient levels of GSNO and SNO-proteins raises mice ( Figure 1F ). Histological examination of 4 wild-type the idea that GSNO/GSNOR may play roles in both phys-(2 males, 2 females) and 4 GSNOR Ϫ/Ϫ mice (2 males, 2 iological signaling and protection against nitrosative females) showed no gross morphological or histological stress. Indeed, GSNO has been implicated in responses difference between the two mouse strains in any of the ranging from the drive to breathe (Lipton et al., 2001) to tissues studied: brain, heart, lung, liver, kidney, spleen, regulation of the cystic fibrosis transmembrane regulathymus, mesenteric lymph node, salivary gland, gastrotor ( (Figure 3) . In a larger analysis, this dose of LPS resulted in the death of 48% of GSNOR Ϫ/Ϫ mice, two Southern blot analyses with probes specific to exons 2-3 and exons 8-9 respectively and by a polymerase but only 15% of wild-type mice ( Figure 3A) . The difference in mortality between the two strains is highly significhain reaction (PCR) specific to the disrupted allele (Figure 1B , and data not shown). Two mouse lines with the cant (P Ͻ 0.001). Further, both lines of GSNOR-knockout mice, GSNOR Ϫ/Ϫ 1 and GSNOR Ϫ/Ϫ 2, responded similarly targeted disruption were independently generated from two of the ES clones ( Figure 1C ). Southern hybridization to LPS ( Figure 3B ), and both succumbed more readily than wild-type mice. Thus, it is very unlikely that the with a probe specific to exons 8-9 showed that GSNOR Ϫ/Ϫ mice contain only a single mutant (1.8 kb) hypersensitivity of GSNOR Ϫ/Ϫ mice to LPS resulted from a random mutation created while generating the mice. fragment that resulted from recombination. These mice were backcrossed consecutively to C57BL/6 mice a to-
The protection conferred by iNOS in endotoxic shock is mainly seen in female mice (Laubach et al., 1998). We this gender effect was abrogated by GSNOR deletion. Mortality in female GSNOR Ϫ/Ϫ mice (42%) was not signiftherefore analyzed the consequence of GSNOR deficiency separately in males ( Figure 3C ) and females (Fig- icantly lower than that of male knockouts (55%; P ϭ 0.29). Taken together, these results show that GSNOR ure 3D). The LPS dose employed resulted in the death of 37% and 47% of the female GSNOR Ϫ/Ϫ 1 and clearly protects female mice from endotoxic shock, and suggest that the basis of gender-related resistance to GSNOR Ϫ/Ϫ 2 respectively, whereas it killed only 4% of wild-type controls ( Figure 3D ). The mortality of male LPS involves GSNOR. Accordingly, female mice were used in most of studies below. GSNOR Ϫ/Ϫ mice (treated with LPS) was also higher than that of wild-type controls ( Figure 3C ), but the difference did not reach statistical significance (P ϭ 0.12). The
SNO Metabolism
Metabolism of S-nitrosothiols was examined in mouse mortality of female wild-type mice (4%) was significantly lower than their male counterparts (29%; P ϭ 0.022), but liver, which has the highest GSNOR activity in the body 4). For example, GSNOR Ϫ/Ϫ mice accumulated much higher amounts of SNO than wild-types despite equal mice was much worse than in wild-type mice and, in sharp contrast to the near complete recovery by wildlevels of nitrate at 24 hr after LPS (Figures 4A and 4B) . Furthermore, the ratio of liver SNO to serum nitrate in type livers, GSNOR Ϫ/Ϫ livers showed no sign of recovery. The marker of muscle injury, creatine phosphokinase GSNOR Ϫ/Ϫ mice was considerably higher at 48 hr than at 24 hr after LPS ( Figure 4D) . Thus, the level of (CPK), and the markers of kidney dysfunction, urea nitrogen (BUN) and creatinine, all increased substantially and S-nitrosylation in vivo is regulated independently by GSNOR and NOS. Alternatively stated, SNO levels are to similar levels in wild-type and GSNOR Ϫ/Ϫ mice at 24 hr after LPS (Figures 5C-5E ). But whereas these activiregulated by both synthesis and turnover and do not correlate directly with amounts of nitrate or nitrite.
ties had decreased at 48 hr almost to baseline in the wild-type controls, they did not decline in the GSNOR (Figures 5A and 5B) . By contrast, both ALT and ( Figures 5F and 5G) , and no histological abnormality AST increased markedly in the GSNOR Ϫ/Ϫ mice at 24 hr was detected. and remained unchanged at 48 hr (Figures 5A and 5B) . Increases in ALT and AST were directly correlated with A protective role for GSNOR was evident in lymphatic 
tissue (Figures 6C-6H). At 24 hr after LPS, the two strains
Effect of iNOS Inhibition on Tissue Injury and Survival of GSNOR Ϫ/Ϫ Mice showed a similar amount and pattern of lymphocyte apoptosis in thymus, spleen, mesenteric lymph nodes, To establish further the contribution of nitrosative stress to the pathogenesis of endotoxic shock, we treated LPSPeyer's patches, and other lymphoid tissues. However, whereas the wild-type lymphatic tissues showed little challenged GSNOR Ϫ/Ϫ mice with 1400W, a selective iNOS inhibitor. Administration of 1400W, initiated 6 hr cell death at 48 hr after LPS (Figures 6C, 6E, and 6G) , the GSNOR Ϫ/Ϫ tissues showed substantial apoptosis following LPS injection, reduced serum nitrate (i.e., NOS activity) by about 50% ( Figure 7A , P ϭ 0.015) and liver ( Figures 6D, 6F, and 6H) . Lymphocyte apoptosis in the thymus was extensive, especially in cortical regions (Figinjury by about 90% (Figure 7C , P ϭ 0.020), an improvement that coincided with a reduction of liver SNO by ure 6D). Further, at 48 hr after LPS, lymphocyte depletion was more severe in the GSNOR Ϫ/Ϫ thymus than in the about 90% ( Figure 7B ). Measurements of serum markers showed that tissue injury was also reduced in kidney, wild-type ( Figures 6C and 6D) . Thus, GSNOR is required to protect the immune system from endotoxic injury.
pancreas, and muscle (48 hr after LPS treatment; data to hazardous levels, the protection conferred by NOS that is further supported by the observation that the ratio of SNO to iron nitrosyl compounds at basal condiinhibition was lost (3 out of 5 female GSNOR Ϫ/Ϫ mice died). These data strongly suggest that nitrosative stress tions, and of SNO to nitrate or nitrite or both during the course of endotoxic shock, are increased significantly imposed by iNOS in GSNOR Ϫ/Ϫ mice is causally implicated in tissue damage and increased mortality.
in GSNOR Ϫ/Ϫ mice. Inasmuch as measurements of nitrite and nitrate are the standard means of assessing NO bioactivity in biological systems, our results raise inter-GSNOR in Septic Shock esting questions regarding many previous interpretaThe role and function of GSNOR was also investigated tions. in bacterial septic shock induced by cecal ligation and GSNO is the only substrate SNO recognized by puncture (CLP) (Wichterman et al., 1980) , an animal GSNOR, yet deletion of the enzyme results in greater model that resembles the human condition. CLP reincreases in SNO-proteins than in GSNO itself. A similar sulted in significantly higher mortality in GSNOR Ϫ/Ϫ mice result was obtained in GSNOR-deficient yeast (Liu et (n ϭ 9) than in wild-type mice (n ϭ 8) (Figure 3E) 
Response to Endotoxin and Bacteria that is identified with GSNO is implicated in disease
We found that mice with elevated iNOS activity are subpathogenesis; (5) GSNOR protects mice from excessive jected to nitrosative stress, characterized by elevated declines in blood pressure under anesthesia, and from levels of S-nitrosylated proteins. However, it is not untissue injury following endotoxemia; (6) the systems afless protection afforded by GSNOR is abolished fected most by GSNOR deficiency include the liver, im-(GSNOR Ϫ/Ϫ ) that the LPS-challenged mice suffer detrimune system, and cardiovascular system. Thus, the curmental consequences, including hazardous accumularent paradigm of NO biology, which centers on the tions of S-nitrosylated proteins, and tissue damage. The activity of NOS, is changed fundamentally by these refinding that GSNOR protects lymphatic tissues and liver sults. Our data also provide genetic support for the confrom apoptosis, supports much accumulating evidence ceptualization of NO biology that involves redox-based that death signaling is regulated by SNOs ( Collectively, these data suggest that the increased and ex2-3, which were generated from a mouse ADH III cDNA clone (ATCC, GenBank accession number AA008355) by PCR with primer SNOs derived from iNOS contribute to the hypotensive pairs for exons 8-9 (MoADH1001se, MoADH1290as) and exons 2-3 Nitrite concentrations are higher when measured by CE than by chemiluminescence (Zunic et al., 1999 and data not shown), but no (MoADH52se, 5Ј-GTGATCAGGTGTAAGGCTGC; MoADH295as, 5Ј-CTGCCTTCAGCTTCGTGAC), respectively. A SacI fragment conrelative differences versus chemiluminescence were observed. taining exons 2-4 and a HindIII-BamHI fragment containing exons 7-9 were isolated from BAC clone 91m09 and inserted 5Ј and 3Ј to Histology the neomycin resistance gene (neo) in the vector pPNT (Tybulewicz Organs were fixed with phosphate-buffered formalin and embedded et al., 1991), respectively (see Figure 1A) . The resulting GSNOR in paraffin. Tissue sections, 5-6 m thick, were stained with hematargeting vector was confirmed by DNA sequencing and linearized toxylin and eosin (H&E), and examined by light microscopy by a by NotI.
board certified veterinary pathologist (M. Hanes). Apoptosis was assessed by TUNEL assay. Generation of GSNOR Ϫ/Ϫ Mice ES cells derived from 129sv mice were transfected with the linear-LPS Treatment ized targeting vector and selected for the presence of neo and LPS (E. coli, serotype 026:B6, Sigma) at a dosage of 150,000 endoabsence of the herpes simplex virus thymidine kinase (tk; Duke toxin units/g (EU/g) was injected intraperitoneally into C57BL/6 and transgenic mouse facility). Selected ES clones were first screened GSNOR Ϫ/Ϫ mice that were matched for age (11-12 weeks old), genfor homologous recombination by PCR with a neo-derived primer der, and weight. LPS used for the males was lot number 050K4117 (Neo3Јse, 5Ј-TCTTGACGAGTTCTTCTGAGG) and a GSNOR primer (15 million EU/mg) and LPS used for the females was lot number (GSNOR3Јas, 5Ј-CAGTTGACTGTCAATGAACTGG) external to the 101K4080 (3 million EU/mg). Studies done in 45 additional male mice homologous region in the targeting vector (see Figure 1A ). This PCR (22 wild-type and 23 GSNOR Ϫ/Ϫ ) administered lot number 101K4080, detects a 2.7 kb DNA fragment only in the cells with the targeted insured that gender and strain differences did not result from a disruption. Recombinant clones were further screened by Southern batch effect. Phosphate-buffered saline (PBS, 20l/g) was injected analyses of SacI-and XbaI-digested genomic DNA with probes in controls. In additional sets of experiments, LPS-challenged ex2-3 and ex8-9, respectively. The correctly disrupted allele shows GSNOR Ϫ/Ϫ mice were injected subcutaneously with the iNOS inhibia 7.3 kb SacI and a 1.8 kb XbaI fragment, whereas wild-type shows tor 1400W (1 g/g, Cayman) or PBS (10 l/g) at 6, 24, and 30 hr a 5.5 kb SacI and a 2.4 kb XbaI fragment (see Figure 1A) . after LPS, or at 24, 42, and 48 hr after LPS. Two correctly targeted ES clones with normal karyotype were used independently to generate chimeric mice, which were subsequently bred with C57BL/6 mice to produce F1 heterozygotes. These Bacterial Sepsis F1 mice were either mated with each other to produce F2 GSNOR Ϫ/Ϫ Female mice aged 3 months were anesthetized with ketamine (150 mice or further backcrossed with C57BL/6 mice. Two independent mg/kg) and xylazine (10 mg/kg). The cecum was ligated below the GSNOR Ϫ/Ϫ mouse lines from the two ES clones were established ileocecal valve, and punctured once on the antimensenteric border after both seven and ten consecutive backcrosses with C57BL/6 with a 26-gauge needle. After surgery, the mice were subcutanemice. All mice were fed with standard mouse chow and housed in ously injected with 0.5 ml of normal saline. a pathogen-free facility.
Septic Shock in Humans GSNOR Activity
Twelve consecutive adult patients with septic shock in the Duke GSNO reductase activity was measured by GSNO-dependent NADH University Medical Center (DUMC) ICU were enrolled. Septic shock consumption as described previously (Liu et 
